Introduction
Cri tically ill patients undergoing intensive medical treatment may develop insulin resistance associated with hyperglycemia even if they have no previous history of diabetes.
1 Intensive insulin therapy is very helpful for such patients as shown in a 12 month study involving 1548 critically ill surgical patients. 2 In this study, mortality was reduced by 42% by maintaining glucose levels between 4.4 and 6.1 mmol/liter. Morbidity, the consumption of intensive care resources, and the risk of complications were moreover also reduced.
To maintain euglycemic glucose levels, skilled medical staff must take frequent blood samples for glucose determination. In practice, this is often not feasible, however, due to the high workload associated with the care of critically ill patients and the high cost of monitoring. Manual sampling moreover introduces the possibility of handling errors and delay when using laboratory services. These factors may be associated with therapy errors or delays.
Automated real-time glucose monitoring would address these problems and, at the same time, provide valuable information concerning the direction and rate of change in blood glucose concentrations. This trend information could be used by a clinician or by an algorithm to titrate the delivery of insulin and glucose to maintain euglycemia with greater precision.
A number of systems using a double-lumen catheter to access peripheral veins with continuous flow have been developed. 3, 4 This technology has been used to create glucose monitoring systems based on midinfrared spectroscopy. 5, 6 These have, however, only found acceptance as tools for clinical studies. A blood glucose monitoring system for intensive care units (ICUs) using standard venous access has been introduced by Via Medical 7 but is not available in Europe.
As An automated blood sampling (ABS) system coupled to one of the several validated glucose sensors 15 could provide a workable alternative to the mentioned systems as a means of avoiding frequent manual blood sampling, especially when ongoing control is required as in ICUs. A system of this type is, however, currently unavailable.
A low-risk decision supporting system comprising biosensors and an adaptive control algorithm for the maintenance of glycemic control of ICU patients was developed within the European Union-funded project, Closed Loop INsulin Infusion for Critically Ill Patients (CLINICIP, www.clinicip.org). 16 Our aim within this overall project was to test a prototype ABS system over a 30 h period in human volunteers to determine its technical and clinical suitability for incorporation into the CLINICIP setup. Blood glucose concentrations obtained with automatically sampled blood were compared to those obtained with blood taken in parallel using an established manual sampling method. In the course of this study, setup times, success rate, flushing volume, and blood consumption were also determined.
Methods

Reference Method and Automated Blood Sampling System
The reference method used in the study to obtain manually drawn peripheral venous blood samples used a conventional single-lumen catheter (18 gauge x 45 mm, B. Braun, Melsungen, Germany), two stopcocks, and two syringes. Clotting was avoided at the catheter tip by flushing with physiological saline at a very low flow rate. To ensure that saline-free, undiluted blood was sampled, flushing was stopped 10 min prior to each sampling. In each case, a total blood volume of 0.5 ml was drawn, and approximately 300 µl was transferred to a vial for analysis (PCR Softtubes, Biozym, Oldendorf, Germany).
The ABS system mimics this manual state-of-the-art technique (Figure 1) . Before connecting it to the subjects via a second catheter, it was flushed with sterile 0.9% saline solution (Fresenius, Fresenius Kabi, Graz, Austria) to remove air. For each sampling, a blood volume of 4 ml was withdrawn by a peristaltic pump (Minipuls MP3, Gilson, Cedex, France) at a flow rate of 10 ml/min and collected in a buffer loop. Then 1.69 ± 0.09 ml of this drawn blood was immediately branched off, and approximately 1 ml was pumped into the waste container committee (18-011 ex 06/07), and written consent (signed and dated) was obtained from all participants before commencement of the study. Six healthy male volunteers (age: 28.17 ± 2.04 years; body mass index: 23.00 ± 2.41 kg/m) that passed the inclusion and exclusion criteria were recruited. Eligible subjects were between 19 and 60 years in age. Exclusion criteria were the presence of severe acute and chronic diseases, mental illness, lack of cooperation or language barriers precluding adequate understanding or cooperation, prescription of vasoactive substances or medication for anticoagulation or medication that interferes with coagulation, blood donation within the previous 4 weeks, skin diseases that could interfere with catheter placement, pregnancy, and breastfeeding.
The study subjects attended the trial center at 11:00 am on Day 1, having fasted from at least midnight onward (i.e., for at least 11 h). The sampling systems were connected by a physician by inserting the catheters into pronounced veins in the left forearm. Both catheters were inserted into the left arm to allow the patient to move freely throughout the study period.
The subjects received four meals at 5:00 pm (dinner), 9:00 pm (snack), 8:00 am (breakfast), and 12:00 pm (lunch) to enable the observation of their pre-and postprandial glucose concentration profiles. Blood samples were generally taken at hourly intervals. After each meal, however, the frequency of sampling (manual and automatic) was increased to four samples per hour for 3 h. Thereafter, two samples were taken at 30 min intervals before resumption of hourly monitoring. A further seven blood samples were also taken throughout the study for the determination of activated partial thromboplastin times (APTTs). The expected blood consumption was 187.7 ml per volunteer. before collecting samples (0.303 ± 0.043 ml) in a vial of the same type used for manually drawn blood for analysis. The remaining blood in the buffer loop (approximately 2.3 ml) was then immediately reinfused into the subject so that the actual blood consumption of the ABS system was 1.69 ± 0.09 ml per sample. We previously found this procedure to ensure that undiluted blood, i.e., not containing saline, is collected (unpublished data), which can thus be directly compared to blood drawn manually as described earlier. Following sampling with the ABS system, 8.83 ± 0.28 ml of flushing fluid was pumped through the tubing to clean it.
The in-house assembled tubing system (TYGON ® S-50-HL, Saint-Gobain Performance Plastics, Beaverton, France) was sterilized using ethylene oxide and afterward was completely flushed using sterile 0.9% saline solution to prevent clotting. The sterile saline solution was attached to the system using a standard fluid administration set (Infusiomatleitung, B. Braun), and its fluid level was monitored via a dripping sensor (Type: 3450578 A, B. Braun). Flow (see arrows in Figure 1 ) was controlled using pinch valves (PM-0815W, Takasago Electric, Inc., Japan) compatible with the tubing used (TYGON). A check valve (Part No. 11582, Qosina, Edgewood, NY) was used to prevent reflux and to maintain the sterility of the saline solution. The dead space of the system from the IV catheter to the sampling site was 0.75 ml. For safety reasons, pressure changes within the accessed vessel were monitored using a reusable pressure transducer and a disposable pressure dome (SP854, Memscap, Norway). The maximum allowed pressure was set at 150 kPa. In addition to this, an air-bubble sensor (customized sensor, Zevex, Salt Lake City, UT) was used to avoid accidental air infusion. The system's housing was designed in Solid Works (Solid Works, Concord, MA) and rapidly prototyped (FH OOE, Linz, Austria). All materials used (e.g., tubing) had been previously approved for in vivo use in humans.
Data Acquisition and System Control
The data acquisition system comprised a notebook computer, a 16-bit PCMCIA card (DAQ-Card 6036-E, National Instruments, Inc., Austin, TX), a configurable connector (SC-2345, National Instruments, Inc.), and Lab VIEW ® 7.0 (National Instruments, Inc.). Data were stored in Microsoft Excel worksheet files (Microsoft, Inc., Redmond, WA).
Subjects and Protocols
The study, a 30 h open single-center trial at the Medical University of Graz, was approved by the local ethics 
Laboratory Analysis and Statistics
Manually and automatically drawn blood samples were analyzed using a laboratory glucose analyzer (Glucose Analyzers 2, Beckman Coulter, Brea, CA). In order to be able to perform a valid comparison of the results obtained with manually and automatically drawn blood, preanalytical variables were controlled to as great an extent as possible. Thus, undiluted samples (see Reference Method and Automated Blood Sampling System in the Methods Section of this article) obtained with the ABS system and the reference method were collected in parallel into the same type of vials, in both cases, without the use of additives (e.g., anticoagulants or clot activators), and immediately centrifuged to prepare plasma prior to analysis using the Beckmann glucose determination device. This process was completed for each sample pair within 5 min. Sample processing was moreover carried out directly in the subject room and exclusively by qualified study assistants trained according to good laboratory practice.
The relationship between the glucose concentrations determined for the automatically and manually withdrawn blood samples was assessed by calculating the Pearson coefficient of correlation, 17 the system error, 18 and the mean absolute relative difference 19 for each sample pair. The degree of clinical correlation was assessed using Clark error grid analysis (CEGA) 20 and insulin titration error grid analysis (ITEGA). 21 All calculations were made on a personal computer using Microsoft Excel worksheet files.
Results
General
All six volunteers were successfully studied for the full planned duration of the study (30 h) and the catheters were well tolerated. Manual interventions were necessary for both the reference method and the ABS system to prevent catheter occlusion (e.g., additional flushing, movement, or replacement). For the first subject studied, a total of seven such manual interventions were necessary for the ABS system. These events generally occurred whilst drawing hourly samples during the night. For Subjects 2 to 6, we therefore implemented a keep-veinopen (KVO) saline infusion with the ABS system at a rate of 2 ml/h. This highly effectively reduced the incidence of blood withdrawal failures from 9.86% for Subject 1 (7 interventions for 71 samples) to an average failure rate of 0.56% for Subjects 2-6 (2 interventions for 355 samples), i.e., a 17.5-fold reduction in the frequency of interventions. The median success rate of the system was 99.30% (range: 90.14-100.00%). Overall, 6 of 426 data pairs were incomplete or invalid, principally due to catheter blockage caused by coagulation, insufficient sample volume, or hemolytic samples, resulting in a total of 420 valid samples. The measured glucose concentrations for these samples ranged from 3.75 to 13.88 mmol/liter.
Correlation
The median Pearson coefficient of correlation between manually and automatically withdrawn blood samples was 0.976 (range: 0.953-0.996). An illustrative glucose concentration profile comparing the results obtained with the ABS system (crosses) to those with the reference system (squares) is depicted in Figure 2 . Figure 3 shows the system error for each data pair from Subjects 1 to 6 (crosses). In addition, the mean (squares) ± standard deviations (bars) are displayed for each subject. The calculated system error between the ABS system and the manual reference measurements was -3.327 ± 5.546% [range: -6.03-0.49]. Individual system errors ranged from 24.14 to -29.01%. Mean absolute relative difference was 4.84 ± 1.46% (range: 2.80-6.29%). Figure 4 displays the individual system errors for each time point and for all subjects. As a measure of system stability, the regression line was calculated (y = -0.1089 x -1.5357). Starting with a slight dilution of -1.54%, the dilution increased until the end of the experiment to a final system error of -4.80%.
System Error and Mean Absolute Relative Difference
System Error over Time
Insulin Titration Error Grid Analysis
The clinical significance of glucose measurement differences can also be assessed by ITEGA. Blood glucose concentrations of reference samples and automatically withdrawn samples are displayed on the x and y axis, respectively. Glucose ranges on x and y axis are related to major treatment actions as suggested by the Leuven insulin titration guideline. 22 Based on these treatment actions, different zones have been defined as "appropriate treatment," "unacceptable violation," "major violation," and "life threatening treatment," according to the extent to which they violate the titration guidelines. In our study, 100% of the 420 valid data pairs were located in the acceptable treatment zone.
Coagulation Disturbance and Adverse Events
No statistically significant increase in APTT levels was found in any of the subjects (p = 0.05) compared to the initial levels, providing good evidence that the coagulation status of the subjects was not deleteriously affected by the saline infusion used to clean the disposable tubing system and to maintain catheter patency. Furthermore, no adverse trial-related events occurred during the study.
Discussion and Conclusions
Intensive insulin therapy has been shown to benefit critically ill patients but requires frequent blood Figure 5 depicts the CEGA, a clinically oriented approach to evaluating glucose data and thus the clinical significance of the degree of accuracy of the ABS system. Clark error grid analysis takes into account the absolute values of automatically generated (ordinate) and reference (abscissa) glucose measurements, the relative difference between these two values, and the clinical significance of this difference. Clark error grid analysis categorizes individual reference glucose values into one of five zones, each of which represents a different degree of clinical treatment appropriateness. These zones are A (accurate), B (acceptable), C, D, and E (not acceptable). The analysis of the 420 valid data pairs via CEGA showed that 98.6% (414) of the data were in zone A and only 1.4% (6) were in zone B (crosses). sampling, which can conflict with other aspects of patient care. We present a controlled clinical evaluation of a prototype ABS device. The results of our study allow the following conclusions to be drawn concerning the reliability of the device (degree of intervention-free operation) and the degree of correlation between blood glucose concentrations determined with automatically and manually withdrawn blood.
Clark Error Grid Analysis
The ABS system was found to be extremely reliable. The median success rate for the entire study was 99.30% (range: 90.14-100.00%). This overall value, however, disguises the fact that a higher rate of intervention was initially observed with the first subject (9.86%). After implementation of a KVO saline infusion of 2 ml/h -1 for the remaining 5 subjects, the success rate was close to 100% (99.44%), a 17.5-fold improvement. This is clearly very high in absolute terms. We are unaware of a similar system elsewhere and are thus unable, at this point, to comment on the relative reliability of the ABS system.
The amount of blood consumed by the automated sampling unit was consistently low (1.69 ± 0.09 ml per withdrawing procedure). According to a survey performed at the Medical University of Graz, the maximum amount of blood that can be safely withdrawn from ICU patients per day is 50 ml. On this basis, on average, hourly glucose measurements of ICU patients could be made using the current ABS system. There is, moreover, scope to enable more frequent sampling to reduce the amount of blood consumed by the system by reducing the diameters and lengths of the system's disposable tubing.
An excellent degree of correlation was observed between glucose concentrations obtained with manually drawn reference samples and those taken with the automatic sampling device (median Pearson correlation coefficient 0.976 [range: 0.953-0.996]). The average system error of the ABS system was relatively low, with values of -3.327 ± 5.546% (range: -6.03-0.49) compared to the reference measurements. The system error was moreover relatively stable over the whole trial period (y = -0.1089 x -1.5357). Mean absolute relative difference was 4.84 ± 1.46% with a range of 2.8-6.29.
The clinically oriented, highly visual CEGA method revealed that 98.6% (414) of the data points obtained in the study were located in zone A (accurate treatment) and just 1.4% (6) were in zone B (acceptable treatment). Analysis of the data using ITEGA confirmed the conclusion drawn from CEGA: 100% (420) of the data pairs suggested an acceptable treatment.
A common feature of other systems for semi or fully automated glucose determination is a lack of suitability for use in a clinical setting, due either to a long setup time or unexpected maintenance steps (or both). The setting-up of the ABS system, including assembly of tubing, flushing, and connection to the patient, was, in marked contrast, always performed in less than 5 min, which, based on our experience in a routine hospital setting, is comparable to that required to setup and connect a standard infusion pump. This and the operational reliability shown by our results provide strong support for significant time savings for medical staff in a clinical setting that could be used to focus on patient care.
In conclusion, we have demonstrated that the ABS system has the potential to replace manual blood sampling for glucose determination. This would be particularly valuable in ICUs in which frequent blood glucose determination to maintain tight glycemic control has been shown to benefit critically ill patients that develop hyperglycemia and insulin resistance, but which is hard to perform using the limited available staff. Further clinical studies under ICU conditions and with diabetes patients would be necessary to confirm this. Fully automated blood glucose determination could, in principle, be achieved by online coupling of a glucose sensor or other glucose analyzer. Looking further ahead, such a system could potentially be used to drive an algorithm for insulin infusion and enable fully automated real-time glycemic control.
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